Conclusions Although the mechanisms leading to such a modulation are at present unknown, either an altered intestinal microbiota or a dysregulation of glycosylation patterns might be responsible for the types and distribution of changes in the glucidic profile here observed.
Introduction
The gastrointestinal tract is a complex and dynamic ecosystem resulting from the interaction of distinct cell types, surface and secretory glycoconjugates, resident microbiota, and luminal contents. Growing research interest is focused on studying the multiple exogenous and endogenous factors that modulate the critical equilibrium of these different components as well as their effects on the intestinal mucosa and its secretory products. These consist mainly in glycoconjugates which form, as glycoproteins and glycolipids, the epithelial glycocalyx associated with the brush border membrane or are secreted as mucins, mainly by goblet cells, thus largely contributing to the first line of protection between the secreting epithelium and the luminal contents. The carbohydrate components of this epithelial mucous coat are essential to maintain a homeostatic relationship with the microbiota: they act not only as a site for bacteria adhesion but also as metabolic substrates for their survival and colonization [1, 2] . Thus, changes in glucidic composition of the intestinal mucous layer may alter the composition and the equilibrium of the intestinal microbiota, which in turn, can affect the nature and production rates of the colonic mucus [3, 4] 
resulting in
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reduced viability of the defensive barrier and susceptibility to gastrointestinal diseases [5, 6] . Altered glycosylation patterns of the intestinal mucosa, in particular the expression of certain sialylated sugar chains as well as changes of sialic acid O-acetylation, have been associated with inflammatory intestinal disorders and colorectal adenomas and carcinomas [7] [8] [9] [10] [11] . The mechanisms for these glycosylation changes are probably complex. Evidences for the involvement of specific sialyltransferase and fucosyltransferase in colorectal cancer have been reported [12] . Other glycosylation changes tend not to correlate so well with glycosyltransferase activity and could be a consequence of bacterial metabolism, or a result of the ongoing inflammatory response.
Even the contribution of dietary factors to this critical intestinal environment still requires to be fully clarified, also to identify appropriate modifications of the diet that may protect the intestinal mucosa from various diseases. In several species, experimental data pointed out the potential of dietary factors in affecting morphological features and cryptvillus architecture of the large intestinal epithelium, cell proliferation, and the thickness and chemical characteristics of the intestinal mucus layer [13] [14] [15] [16] [17] . In particular, the type of the carbohydrate in the diet, whether it is a simple or a complex sugar, seems to differently influence the colonic mucosa. Indeed, dietary sucrose has been suggested to represent a risk factor of colon cancer, while complex carbohydrates, like starch, have been widely associated with a protective effect against several diseases [18] [19] [20] [21] [22] . Both sucrose and starch are generally well digested in the small intestine although a certain portion of starch, resistant starch, can reach the large intestine for fermentation.
In a previous study [23] , a diet rich in starch has been proven to modify the microbiota composition and the faecal short-chain fatty acid (SCFA) contents in rats. To provide additional data on the effects of starch on the intestinal microenvironment, we aimed here to verify whether a long-term feeding on a high starch diet can affect the glucidic profile of the colonic mucosa of rats. The study has been performed by application of a series of lectins that allow the distributional patterns of terminal and internal sugar residues and sequences to be visualized. In addition, chemical and enzymatic pretreatments, combined with appropriate lectins, have been addressed to both localize sialylated glycan sequences and clarify the degree and position of acetylated substituents in sialic acid residues [24] .
The finding of distinct modifications in the intestinal glycoconjugates in response to a particular dietary pattern, such as starch, might provide new insights into the suggested relation between diet, intestinal microenvironment, and colonic dysfunction.
Materials and methods
Animals
Eleven-twelve-week-old female Sprague-Dawley rats (Morini, Reggio Emilia, Italy) were kept in the University's Animal Care Facility; they were housed in plastic cages with wire tops and bottoms and maintained at constant environmental temperature (20-22 °C) on a 12 h light-dark cycle, according to internationally accepted guidelines. The animals and animal use protocols were approved by Institution's Animal Care and Use Committee.
Dietary treatment
A starch-enriched diet (corn starch: 64%) was prepared, based on the AIN-76 diet (American Institute of Nutrition, 1977) slightly modified and containing a lower casein content (16%) and a slightly higher fat content (both corn and olive oil). Dietary components were from Piccioni Laboratories (Gessate, Italy).
The animals were divided in two groups (eight animals per group): one group were fed on the starch-enriched diet (STD); in the second group (control animals), the sugar composition was based on the AIN-76 diet (Table 1 ). Food and water were provided ad libitum for 9 months.
Tissue processing
The anaesthetized animals were killed by cervical dislocation. The entire colon was removed immediately and washed thoroughly in 0.1 M phosphate buffered saline solution (PBS) to remove luminal contents. Two cm segments from each colon were taken 1 cm distal to 
Histochemical stainings
Sections were processed for carbohydrate histochemistry using the Alcian blue 8GX staining at either pH 2.5 (AB 2.5) or pH 1.0 (AB 1.0) according to routine methods. The AB 2.5 stains carboxylated and sulfated types of acidic mucins, and AB 1.0 stains sulfomucins. To discriminate between weakly acidic and strongly acidic glycoconjugates, the Low Iron Diamine (LID) and the High Iron Diamine (HID) reactions were also applied [25] .
Lectin histochemistry
A panel of eight horseradish peroxidase (HRP)-conjugated lectins (Sigma Chemicals, St. Louis, MO, USA) were used for detection of specific sugar residues, as indicated in Table 2 . Histochemical staining was performed as previously detailed [26] ; briefly, after endogenous peroxidase inactivation with 0.3% H 2 O 2 in methanol for 30 min, sections were incubated for 30 min at room temperature with the lectin diluted in PBS ( Table 2 ). The peroxidase binding sites were visualized with a solution of 3,3′ diaminobenzidine (DAB kit, Vector Laboratories, Burlingame, Calif., USA).
Chemical and enzymatic treatments
Adjacent, serially cut sections were subjected to PNA and GSA II lectins with and without digestion with 1 U/ ml bovine epididymis α-fucosidase (Sigma Chemicals) in 0.1 M sodium citrate buffer, pH 6.0, containing 25 mM EDTA, for 16 h at 37 °C.
Other adjacent sections were subjected to PNA and DBA lectins binding with and without the following pretreatments:
• Digestion with 0.5 U/ml sialidase from Clostridium perfringens (Type V, Sigma) for 16 h at 37 °C in 0.1 M acetate buffer, pH 5.5, containing 10 mM CaCl 2 ; • deacetylation with 0.5% potassium hydroxide in 70% ethanol solution for 30 min at room temperature. This treatment, by detaching acetyl substituents, renders sialic acid residues susceptible to sialidase digestion; • mild and strong periodate oxidation (PO) with a 1 mM and 44 mM aqueous solution of periodic acid, respectively, for 15 min at room temperature. Mild oxidation abolishes the lectin binding with sialidase or KOH/ sialidase when sialic acids do not contain C 7 -and/or C 8 -and/or C 9 -O-acetyl groups in the side chain. Strong oxidation blocks the subsequent staining with sialidase/ lectin or KOH/sialidase/lectin except for C 9 acetylated sialic acids linked via a α2-3 bond to the penultimate ß-galactose.
The histochemical experiments specific for demonstration of sialic acid derivatives were formulated according to previous reports [26] .
Controls
Controls to verify the lectin specificity included substitution of the conjugated lectins for the respective unconjugated 
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lectins as well as pre-incubation of lectins with the corresponding hapten sugars at concentration of 0.1-0.4 M. Controls for fucosidase and sialidase digestion aimed to determine the influence of the enzyme-free buffers and to investigate the efficacy and the specificity of treatments.
Results
Histochemical stainings of carbohydrates
All the conventional reactions employed for the visualization of acidic glycoconjugates stained the goblet cells as well as the secretory mucous products adherent to the luminal surface of colonocytes or discharged into the lumen. The histochemical patterns produced by the AB (pH 2.5) and LID reactions indicated an overall slight reduction of the staining intensity, indicative of acidic mucins, in the animals fed on the starch-enriched diet compared with the control group (Figs. 1, 2a, b ). This finding was more appreciable in the distal than in the proximal colon (Fig. 1) . Both HID and AB (pH 1) reactions resulted in a lower distribution of staining, compared with LID and AB (pH 2.5) reactivity, respectively. Such a decrease appeared to be less marked in the colonic epithelium of the STD rats than in the control group (Fig. 2) .
Lectin histochemistry
The lectin binding patterns produced in the proximal and distal portions of the rat colonic mucosa by GSA I-B 4, WGA, LTA, Con A, PSA, GSA II, and PNA, the last two with and without fucosidase predigestion, are reported in Table 3 . The comparative analysis of the lectin binding patterns pointed out some differences in the experimental conditions assayed. In particular, GSAI-B 4 , which is selective for terminal α-D-Gal residues, weakly labelled goblet cells and upper crypts only in the proximal colon upon the starch-rich diet. WGA, which specifically recognizes terminal and internal β-d-GlcNAc residues and sialic acid residues, showed a higher reactivity in the surface goblet cells and crypt fundus of the colonic mucosa of rats fed on the starch-enriched diet, compared with the control group. This binding pattern exhibited the most intense reactivity in the distal colon (Table 3) . In both groups, GSAII lectin, which binds with high selectivity terminal α-and β-D-GlcNAc residues, produced a moderate staining in the colonic epithelium. Only in the distal colon, the GSAII labelling was increased by predigestion with fucosidase that induced a new staining in the colonocyte supranuclear cytoplasm in the control group, not in STD rats, and increased the reactivity at the crypt fundus in both groups, at a higher degree in the STD animals (Table 3 ). When fucosidase digestion was performed prior to PNA, new reactive sites, suggestive of Fuc-d-Gal-β(1-3)-d-GalNAc terminal sequences, were clearly identified in colonocytes and crypts of the control group. In the STD rats, a weak PNA staining was induced by fucosidase treatment only in the distal colon (Fig. 3a,  b ). An opposite situation was observed for fucose-specific LTA lectin which produced a more market reactivity in the colonocytes of the STD group than in the controls (Table 3 ; Fig. 3c, d) .
The starch-enriched diet proved to affect also the expression of sialylated components as well as the structural features of sialic acid residues, as deduced by the comparative evaluation of the effects of deacetylation and differential oxidation on sialidase/PNA and sialidase/DBA binding patterns (Tables 4, 5 ). In particular, a lowered expression of sialic acid-D-Gal-β(1,3)-d-GalNAc sequences can be detected at the luminal cell border in the colonocytes of Fig. 1 a, b Histological appearance of the distal colon of rats in AB pH 2.5. a Control rats show strong staining in the goblet cells of the surface epithelium and along the crypts. b STD rats show more reduced staining. Original magnification ×20 the proximal colon, and more markedly, in the crypts in the distal colon. Conversely, in the surface goblet cells of both colon portions a higher occurrence of these sialylated sequences, with sialic acids mostly 9-O-acetylated, was found in the STD rats, compared with the control group (Table 4 ; Fig. 4) .
A more marked modification of the expression of sialic acid-D-GalNAc sequences as well as changes in the acetylation degree and position of the sialic acid residues was induced by the starch-enriched diet at all the reactive sites in both the proximal and distal colon (Table 5 ). In particular, a weak enhancement of DBA reactivity after sialidase digestion, suggestive of sialic acids linked to GalNAc residues, was found in the goblet cells of the STD rats which, instead, exhibited a more marked staining of the native lectin at the same sites, when compared with the control ones (Fig. 5) .
A summarizing view of the sialylated sequence distribution in the colon of STD and control rats is presented as a schematic drawing in Figs. 6, 7.
Controls
No staining was detected in sections exposed to unconjugated lectins or to conjugated lectins preincubated with their appropriate inhibitory sugars (data not shown). Controls to check the efficacy and specificity of the enzymatic digestions were as expected.
Discussion
The question addressed by this study was whether a longterm feeding on a high starch diet can modulate the glycosylation pattern of the rat colonic mucosa. To this aim, a slightly modified AIN-76 rodent diet, with carbohydrates supplied by corn starch (64%), was tested for 9 months. The question arises from the knowledge that dietary factors, by providing substrates for the intestinal microbiota, influence the intestinal microenvironment and the functional efficiency of the mucosal barrier [27, 28] . Indeed, bacteria act not only by interacting directly or indirectly with the components of the intestinal mucus layer. They also degrade dietary fibres and/or other dietary factors that escape digestion to produce further agents that can influence colonic mucus secretion, thus resulting in damage or protection to the underlying mucosa. Since the classic histological studies on germ-free animals, the intestinal bacteria have been recognized to play an essential role in driving the maturation of the colonic mucosa and normal mucus production [29, 30] . In addition, previous investigations on germ free and conventional rats fed different diets have proven that dietary factors and microbial flora interact in modifying the glucidic composition of intestinal mucins [3, 31] . In this study, we applied conventional histochemistry for carbohydrates and lectin labelling to examine whether a high starch diet can affect the expression of glycoconjugates in the rat colon. We found that a starch-enriched diet modulates the glucidic profile and the structural features of glycoconjugates in the colonic epithelium, goblet cells, and crypts.
In both the experimental groups, a regional distribution of acidic glycoconjugates, distinct as sialomucins and sulfomucins, was evidenced within the colonic mucosa, showing an increasing gradient of sulfomucins from proximal to distal colon. In the STD rats, compared with the control samples, a reduced expression of acidic glycoconjugates was observed, mainly in the distal colon. In both portions, most of these acidic glycoconjugates, located in the surface goblet cells, in the crypts, and at the epithelium luminal borders, could be identified as sulfated glycoconjugates. Thus, in spite of an overall reduction of acidic glycocomponents in the colonic secretory products, an increase in sulfation levels was observed in rats fed on the starchenriched diet versus the control animals. The sulfation of colonic mucins has been previously related to a protective function against colitis in mice and humans [32, 33] . It has been also demonstrated that in colonic epithelial cells of mice the expression of N-acetylglucosamine 6-O-sulfotransferase, one of the major sulfotransferases responsible for the mucin sulfation, is regulated by butyrate, a metabolite from anaerobic bacteria in the colon [34] thus indicating a relationship between mucin sulfation, commensal bacteria and mucosal defence. The increase of sulfomucins in STD rats, here observed, suggests that dietary carbohydrates might have an impact on this interaction. The results Table 3 Lectin binding patterns, with and without fucosidase predigestion, in the rat proximal and distal colon Results are expressed by a subjective scale ranging from 0 to 4, with 0 being unreactive and 4 being strongly reactive of a previous investigation on rats, fed on the same diet as that one here applied, support such a conclusion [23] . Indeed, variations in faecal microbiota composition were found by Cresci et al. in rats fed on the starch-enriched diet and the analysis of faecal concentrations of short-chain fatty acids pointed out higher values in the faeces of rats fed on the starch-enriched diet compared with those fed on a sucrose-enriched diet [23] . Moreover, the carbohydrate structural analysis of mouse colonic mucins indicated that sulfation was preferential on the C-6 of GlcNAc residues on the core 2 branch of O-glycans [34] . Based on these data, our finding that GlcNAc occurrence increases in the goblet cells in response to the starch-enriched diet, as indicated by the WGA reactivity pattern, may account for an enhanced production of highly sulfated mucins.
Also, the widely modified expression of fucosylated and sialylated sequences, that we found in the rat colon, might be related to a possible alteration of the intestinal microbiota induced by the starch rich diet, as previously reported [23] . Indeed, research has indicated that bacteria may affect mucus production because they partially utilize the host-derived carbohydrates. This degradation is a stimulus for goblet cells to modulate mucus production either by direct activation of diverse signalling cascades or through bioactive factors generated by epithelial cells [35] [36] [37] [38] . In addition, bacteria can produce specific secretory elements, such as lipopolysaccharides and flagelin A in the case of Gram negative bacteria and lipoteichoic acids in the case of Gram-positive bacteria, which act as modulators of mucin production [39] . Here, on the basis of the PNA and GSAII binding patterns obtained with and without fucosidase digestion, we found a reduced distribution or the absence of Fuc-d-Gal-β(1-3)-dGalNAc and Fuc-d-GlcNAc sequences in either colonocytes and crypts of the STD group, compared with the control one. Notably, the binding patterns produced by fucosidase digestion and PNA lectin showed a distinctive feature at the level of the distal colon of the rats fed on a conventional diet, where Fuc-d-Gal-β(1-3)-d-GalNAc sequences were visualized in the colonocyte supranuclear cytoplasm, at the Golgi level. A downregulation Fig. 3 Histological appearance of the distal colon of rats. In control rats (a), fucosidase digestion induces a marked PNA staining in the colonocyte supranuclear cytoplasm and at the crypt fundus. In STD rats (b), weak sites of PNA reactivity are detectable only in colonocytes, after fucosidase predigestion. The PNA binding pattern, prior to digestion, is negative in both rat groups (insets in a, b) . c Distal colon of control rats shows no LTA reactivity. d A clear, diffuse LTA staining is detectable in colonocytes of STD rats. Original magnification ×20 Table 4 of fucosyltransferases may be suggested to explain the reduction or absence of such a reactivity in STD rats. In contrast, a stronger reactivity in the colonocytes of rats fed on the starch-enriched diet than in colonocytes of rats fed on a conventional diet was produced by LTA, which suggests an increased expression of glycocomponents rich in α-l-Fuc residues at these sites. Since LTA specifically recognizes α-l-fucose bound via α(1-2) linkage to Gal-β(1-4)GlcNAc or Fuc-α(1-3) sequences [40] , the LTA binding patterns may be suggestive of an enhanced expression of fucosylated sequences in STD rat colonocytes, distinct from Fuc-d-Gal-β(1-3)-d-GalNAc and Fuc-d-GlcNAc sequences in either the linkage or the type of penultimate sugar. The modulation of the fucose-specific LTA binding profile in the colonic epithelium, upon a long-term feeding on a starch-enriched diet, might be due to a regulation of the fucosylation process, a rather complex process which involves several systems controlling fucosyltransferase activity, also through endogenous protein inhibitor, or substrate availability [41] . Indeed, previous data indicate that intestinal fucosylation is modulated during development in response to some nutritional factors [42] . It has also been reported that fucose, in the gastrointestinal lumen, can affect the expression of microbial metabolic pathways and reduce the expression of bacterial virulence genes. In particular, during pathogen-induced stress, rapid intestine epithelial cell fucosylation appears to be a protective mechanism that utilizes the host's resources to maintain host-gut microbiota interactions [43] .
A contribution to potentiate the protective function of the intestinal mucosa has been largely attributed to sialylation of the mucus and epithelial cells, too. In our study, the starch-enriched diet proved to affect differently the expression of sialylated sequences, as visualized by combining the PNA and DBA lectins with neuraminidase predigestion. A distinctive feature found in the STD rats, compared with control ones, concerns an increased expression of Sia-dGal-ß(1-3)-d-GalNAc sequences in the goblet cells of both the proximal and distal colon coupled to a parallel decrease in the content of Sia-d-GalNAc sequences. This finding suggests a compensatory ("balance") mechanism in the sialic acid modulation induced by the starch-enriched diet in the goblet cell secretory products. In turn, the decrease in Sia-d-GalNAc expression in the goblet cells within the Table 4) colonic mucosa of STD rats proved to be in parallel with a higher content in d-GalNAc terminal residues, with respect to the controls. A possible explanation is that a long-term high-starch feeding in rats could modify the glycoconjugate profile through either endogenous or exogenous signals affecting the sialylation pathways.
The differences in the degree and position of acetylated substituents in sialic acids linked to preterminal d-GalNAc residues, between the two dietary groups, support the hypothesis of an involvement of sialyltransferases and/or O-acetyltransferases in contributing to such a modulation. The previously documented changes in the faecal microbiota and faecal concentration of SCFAs in rats fed on a starch-enriched diet [23] could indicate an altered intestinal microbiota as a possible candidate for the induction of signals and mechanisms that result in the observed changes of the colonic sialylation profile. A role of the intestinal microbiota can be also suspected when considering our failure to identify Sia-d-GalNAc sugars at the luminal cell borders of the proximal colon epithelium in rats on a starch-enriched diet, in contrast to control rats. This finding, taken together with the increased brush border membrane staining with DBA, specific for d-GalNAc terminal residues, suggests that also the activity of microbial sialidases might be involved in reducing the Sia-d-GalNAc sequence expression at these sites.
In conclusion, application of lectin histochemistry, combined with enzyme digestion, deacetylation and differential oxidation, allowed a comprehensive investigation of the effects of a starch-enriched diet on the tissue-specific glucidic profile in the rat colon. The large spectrum of modifications detected, with respect to the control animals, demonstrates the critical contribution of dietary factors to intestinal glycosylation in rats, with a possible impact on the protective function of the intestinal mucosa. Table 5) 
